INTRODUCTION
Spindles in the sleep electroencephalogram (EEG) are important landmarks of nonrapid eye movement (NREM) sleep and considered as sleep maintaining events. By standard de®nition sleep spindles consist of rhythmic waxing and waning patterns of 12±14 Hz activity lasting at least 0.5 s (Rechtschaen and Kales 1968) . However, in many studies lower band limits than 12 Hz and higher than 14 Hz have been used (Guazzelli et al. 1986; Ishizuka et al. 1994; Matsubayashi et al. 1981; Scheuler 1990; Wei et al. 1999; Werth et al. 1997; Zeitlhofer et al. 1997; Zygierewicz et al. 1999) . Gibbs and Gibbs (1951) divided sleep spindles into three categories by frequency. Spindles of 14 Hz were dominant in light sleep and primarily central in distribution. Spindles of 12 Hz appeared at a slightly deeper stage of light sleep. Their highest voltage was in the frontal areas. In moderately deep sleep 10±40% of the subjects presented 10 Hz spindles with wide distribution. In later studies slower spindles or sigma frequencies have been observed frontally whereas the faster frequencies have been centro-parietally located (Jobert et al. 1992; Matsubayashi et al. 1981; Werth et al. 1997; Zeitlhofer et al. 1997) .
In previous studies the frequency of individual spindles has been found to increase in the course of the night (Wei et al. 1999) with slower spindles in S3 and S4 than in S2 (Dijk et al. 1993; Matsubayashi et al. 1981) . With spectral analysis slower sigma frequencies (peak 11.5±11.75 Hz) decline whereas faster frequencies (peak 13.5 Hz) increase in power over consecutive NREM sleep episodes (Werth et al. 1997) . In a study with extended sleep slow sigma frequencies Correspondence: Sari-Leena Himanen, MD, PhD, Department of Clinical Neurophysiology, Tampere University Hospital, PO Box 2000, FIN-33521 Tampere, Finland. Tel.: +358-3-247 7578 ; fax: +358-3-247 4352; e-mail: shimanen@tays.® SUMMARY It has been shown in previous studies on sleep electroencephalogram (EEG) that spindles are slower in the beginning of the night fastening towards the end of the night. Corresponding ®ndings have been obtained by spectral analysis. The present study was based on our preliminary observation that slower spindles are found in the middle of the nonrapid eye movement (NREM) sleep episodes as compared with the beginning or the end of the episodes. Eight healthy female and six male subjects were studied. Sleep spindles were visually selected and spindle frequencies calculated for 11 analysis points in each NREM sleep episode. The median spindle frequencies formed a clear U-shape within NREM sleep episodes with an initial decrease and ®nal increase. The decrease was statistically signi®cant within the ®rst four NREM sleep episodes. It is possible that the spindle frequency pattern could be used to reveal variations in sleep depth within sleep stage 2. In animal studies the spindle frequency has been found to be associated to the duration of the hyperpolarization-rebound sequences of the thalamocortical cells. If it is assumed that the same cellular mechanisms are responsible for spindle frequencies in humans then the study of variations in spindle frequency could be used to examine the NREM sleep process in humans. Recently we observed in a small preliminary study that the frequency of spindles was slower in the middle of the NREM-sleep episodes than in the beginning and end . So far a detailed study dealing with changes of spindle frequencies within NREM sleep episodes has not been performed. The main aim of the present study was to examine spindle frequencies within and across NREM sleep episodes. In addition, we wanted to explore the temporal relationships between spindle frequencies and visually scored sleep stages within and across NREM sleep episodes.
METHODS
Fourteen healthy subjects with no history of excessive daytime sleepiness or sleep complaint were studied. All subjects were given a general medical examination to exclude any primary medical or psychiatric disorder. None of the subjects used any medication. Coee consumption was restricted to two cups per day and no coee was allowed in the late afternoon or evening. Eight subjects were female and six were male. The median age of the subjects was 37.5 years, range 22±59 years. Menstrual phase was not controlled for female. Three females used oral contraceptives.
Two consecutive nights were recorded. The whole night polygraphies were part of a larger study, the SIESTA database . The subjects attended to the laboratory in the evening and they retired to bed between 10 and 12 pm depending on their habitual bed times. Time in bed was restricted to 8 h. Seven EEG derivations Fp1-M2, C3-M2, O1-M2, Fp2-M1, C4-M1, O2-M1, M2-M1, two EOG-channels EOG P8-M1, EOG P18-M1 (HaÈ kkinen et al. 1993) and submental muscle tonus were recorded. In addition the following parameters were measured: m. tibialis anterior muscle tonus by surface electrodes, body position, electrocardiogram, oro-nasal air¯ow by thermistor, thoracoabdominal respiratory movements by piezo transducers and blood oxygen saturation by oximetry.
Recordings were digitized with a minimum of 100 Hz sampling rate and converted to the European data format (Kemp et al. 1992) . All subjects gave their written consent to participate in the study. The study was approved by the Ethical Committees of the recording partners.
Visual analysis
The second night of each subject was used for analysis. Recordings were ®rst scored by two independent scorers by the standard method in epochs of 30 s (Rechtschaen and Kales 1968) . A third scorer, the consensus scorer examined both scorings and made the ®nal decision for sleep stages. The apnoea±hypoponea index (AHI) was calculated as the hourly rate of cessations or diminutions >50% of air¯ow lasting over 10 s. Sleep cycles were de®ned by the rules of Feinberg and Floyd (1979) . Only full cycles were included into analysis. The NREM sleep episodes were analysed from the ®rst synchronous sleep spindle to the onset of rapid eye movement (REM) sleep.
Spindles from the whole nights were scored visually by two independent scorers. The ®rst scorer marked blindly spindles, which were visible in the left hemisphere to one channel and the second scorer, also blindly, marked right-side spindles to another channel. Sleep spindles can be asynchronous especially at sleep onset (Steriade 1994) . Because sleep cycles with wakefulness periods were not excluded, we chose to take into further analysis only synchronous spindles, i.e. those marked by both scorers, in order to con®rm that EEG synchronized sleep had been fully established. In addition special attention was paid in order not to score sleep related alpha activity as spindles. Therefore an acceptable spindle had to present the typical waxing and waning pattern and a restricted duration (0.5±3 s). Inter-scorer agreement of spindles between the two independent scorers was 81%. This can be regarded sucient taking into account that the scorers analysed traces from dierent hemispheres.
Eleven analysis points within every NREM sleep episode were chosen (Fig. 1) . The ®rst three consecutive synchronous spindles from each analysis point were selected into analysis. The ®rst synchronous spindle of the NREM sleep episode marked the onset of the`®rst' (f) analysis point. Two points in 4 min intervals after the`®rst' were taken as the next analysis points (f4, f8). The`nadir'-point (n) was de®ned as the centre of the longest and deepest sleep period. Three points with 4 min intervals were taken backward from the`nadir' (n-4, n-8, n-12) and two points forward from the`nadir' (n4, n8). Thè end' point (e) was de®ned as the beginning of REM sleep. Three spindles backward from the`end' point were taken into analysis and another three 4 min backward (e-4).
The NREM episodes were divided into three sections in order to make spindle frequency comparisons over consecutive episodes. The initial section consisted of analysis points`®rst', f4 and f8, the middle section consisted of analysis points n-12, n-8, n-4,`nadir', n4 and n8 whereas the last section consisted of analysis points e-4 and`end' (Fig. 1) .
The frequency of each selected spindle was measured manually by calculating the number of waves within the spindle. If the spindle was visible both in the frontal and central derivations the frequency was calculated from the derivation where the amplitude was higher. The amplitude maximum of each spindle was marked with abbreviations: c central, the spindle was visible only centrally (C4, C3), cf centro-frontal, the maximum of the spindle amplitude was central but it was visible also frontally, fc frontocentral, spindle amplitude was frontally as high or higher than centrally, f frontal, spindle was visible only frontally (Fp1, Fp2). The sleep stage in which the spindle appeared was also registered.
Statistics
The SPSS for Windows version 10.0Ò (SPSS Inc.) program was used in all statistical analyses. Nonparametric tests were used, as all the variables were not normally distributed.
The median frequency as well as the median amplitude maximum of the three selected spindles in each analysis point were calculated for each subject. In a few cases three spindles within the 4 min were not found and either the median of two or the values of one spindle were taken. In that way only one frequency and amplitude value for each analysis point of each subject was obtained. The median spindle frequencies in thè ®rst',`nadir' and`end' analysis points within every NREM episode were compared statistically by the Friedman test. Post hoc analyses were performed by the Wilcoxon signed-rank test. The median sleep stage for each analysis point was also calculated for each subject.
Spindle frequency comparisons of sections across NREM sleep episodes were performed by the Friedman test with post hoc analysis by the Wilcoxon signed-rank test with the Bonferroni correction.
Sleep stage spindle characteristic (frequency and amplitude maximum) comparisons within and across NREM sleep episodes were based on individual spindle observations (total 1594 spindles). Statistical analyses were performed by the Kruskall±Wallis test. The post hoc analyses were performed by the Mann±Whitney U-test with the Bonferroni correction.
RESULTS
The sleep parameters of the night recordings are shown in Table 1 . All subjects had slow wave sleep (SWS, S3 + S4) in the ®rst two NREM sleep episodes, 13 subjects in the third episode and ®ve subjects in the fourth episode. Only eight subjects had a full ®fth sleep cycle. No one had SWS in the ®fth episode.
The ®fth NREM sleep episode was usually short and the analysis point n-12 could be de®ned only in three subjects. This analysis point is therefore not depicted into Fig. 2 . Four subjects had no spindles in`nadir' analysis point in the ®rst three NREM sleep episodes. Two subjects had no`nadir' spindles in the fourth episode and one subject in the ®fth episode. One subject had no spindles at the`end' analysis point of the second episode and one subject in the fourth episode.
The median spindle frequencies in analysis points across subjects are depicted in Fig. 2 . In the ®rst four NREM sleep episodes a repeating spindle frequency pattern can be seen; the frequency decreases towards the nadir and increases towards the end of the episodes. The frequency dierences betweeǹ ®rst' and`nadir' and`nadir' and`end' were statistically signi®cant (Table 2 ). In the ®fth NREM sleep episode the decrease was not clear and no signi®cant dierences were obtained between the three analysis points. No signi®cant Wake REM S1 S2 S3 S4 Figure 1 . Eleven analysis points within nonrapid eye movement (NREM) sleep episodes are presented. First three consecutive spindles from each point were selected into analysis. The initial section of the NREM sleep episodes consisted of points`®rst' (f), f4 and f8. The middle section consisted of points n-12, n-8, n-4,`nadir' (n), n4 and n8. The last section consisted of points e-4 and`end' (e). The time interval between the analysis points within the three sections is 4 min. median spindle frequency dierences were found between`®rst' and`end' analysis points in any of the NREM sleep episodes. The decline in spindle frequency started clearly prior to entering SWS in the ®rst three NREM sleep episodes (Fig. 2) . In the second and third episode the shift from SWS to S2 occurred earlier than the fastening of the spindle frequencies. In the fourth episode the pattern of frequency decline and rise was clear without sleep stage changes.
The median amplitude maximum of spindles was centrofrontal (cf) in the beginning of the ®rst episode (Fig. 2) . The maximum shifted more frontally (fc) when deep sleep stages were reached. At the end of the ®rst episode the amplitude maximum turned centro-frontal again. In the second episode a short-lasting shift towards fronto-central amplitude maximum with deepening of sleep was also present. At the very end of the second episode the amplitude maximum shifted to the central leads. In the third and fourth episode the amplitude maxima of the spindles were either centro-frontal or central (c). In the ®fth episode the amplitude maxima were mostly central.
The spindle frequencies of the sections (initial, middle, last, Fig. 1 ) were compared across NREM sleep episodes. Comparison between the initial sections of the episodes yielded to only one signi®cant dierence: spindles were faster in the ®fth NREM sleep episode than in the second episode (medians 13.6 and 13.3 Hz, respectively, post hoc P 0.011). The median spindle frequency of the middle sections was signi®cantly faster in the ®fth episode (13.4 Hz) than in the episodes 1±4 (12.5, 12.9, 12.7, 13.1 Hz, respectively, P-values 0.008, 0.002, 0.0006, 0.016, respectively). The median frequency was also higher in the fourth episode than in the ®rst and second episodes (P 0.0002 and 0.021, respectively). The median spindle frequency in the middle section of the ®fth episode was faster than in the fourth episode even in subjects having only S2 in these episodes (medians 13.8 and 13.3 Hz, ranges 13.4±14.7 and 12.1±14.4 Hz, respectively). This result was also statistically signi®cant (Wilcoxon signed-rank test P 0.008). No signi®cant dierences between the last sections of the NREM sleep episodes were obtained. sleep episode is left out as it could be de®ned in only three subjects. Middle: Median time course of sleep stages in the analysis points across subjects. Bottom: Median amplitude maximum of sleep spindles in the analysis points across subjects. The U-shape of spindle frequencies is distinct in the ®rst four NREM sleep episodes. In the ®rst two episodes a rapid decrease in spindle frequency is followed by deepening of sleep. In the fourth episode the frequency U-shape is clear without sleep stage changes. In the ®fth episode the decrease is not clear and no signi®cant dierences between the analysis points`®rst',`nadir' and`end' are found. In the ®rst two NREM sleep episodes the amplitude maximum of the sleep spindles shifts to fronto-central (fc) with deepening of sleep. Towards the end of the night the amplitude maximum turns ®rst to centrofrontal (cf) and ®nally more central (c). 1f, 1n, 1e,`®rst'`nadir' and`end' analysis points of the ®rst NREM sleep episode. The corresponding points of episodes 2, 3, 4 and 5 are labelled accordingly. For de®nitions, see Figure 1 and text.
Comparisons of sleep stage spindle characteristics within NREM sleep episodes revealed that the median spindle frequency was highest in S2 in all episodes (Table 3 ). In addition in the ®rst episode the median spindle frequency was slower in S4 than in S3. In the ®rst NREM sleep episode the amplitude maximum of spindles was most frontal in S4. In the third and fourth episodes the amplitude maximum was more central in S4 than in S2. In the ®fth cycle no S3 or S4 was scored.
Sleep stage spindle characteristics were also compared across NREM sleep episodes. The median spindle frequency in S2 was higher in the ®fth episode than in the third episode (Kruskall±Wallis test P 0.020, post hoc P 0.005) but no other signi®cant frequency dierences in S2 between the episodes were found. The amplitude maximum of spindles in S2 was more central in the ®fth episode than in the ®rst, second or fourth episode (Kruskall±Wallis test P < 0.001, post hoc P-values 0.005, <0.001 and <0.001, respectively). Spindle characteristics in S3 showed no signi®cant dierences between the episodes. In S4 no frequency dierences were obtained between episodes but the amplitude maximum was more central in the fourth episode than in the ®rst and the second episode (Kruskall±Wallis test P < 0.001, post hoc P-values <0.001 and 0.048, respectively) and a similar dierence was found between the third and the ®rst episode (post hoc P 0.002).
DISC USSION
The main purpose of the present study was to examine spindle frequency shifts within and across NREM sleep episodes. Interestingly it showed that spindle frequency formed a clear U-shape within the ®rst four NREM episodes. The 11 analysis points used in this work cover 44 min of each NREM episode so that the sample can be regarded representative. Sleep spindles were selected visually. It is possible that all spindles were not detected especially if mixed with slow waves. On the other hand, computer methods have also their shortcomings. By spectral analysis individual phasic events cannot be completely distinguished from other EEG activity. Because spindles are scarce in deep sleep (De Gennaro et al. 2000; Gibbs and Gibbs 1951; Matsubayashi et al. 1981; Steriade and Amzica 1998; Steriade et al. 1993; Uchida et al. 1991 Uchida et al. , 1994 ) their contribution to the average sigma power would be comparatively low. Spindle detectors can give false detections (Huupponen et al. 2000) . So far no superior method for spindle detection has been presented. By visual analysis, the shape of the spindle can be used to help the selection and one can be more con®dent that spindles, but not any other activity within the same frequency range has been analysed. Naturally, our novel ®nding should be veri®ed by other methods in subsequent studies.
In animal studies the spindle frequency has been found to be connected to the duration of hyperpolarization-rebound sequences of the thalamocortical cells (McCormick and Bal 1997; Steriade and LlinaÂ s 1988) . With a hyperpolarization length of about 70 ms, the spindle frequency is about 14± 15 Hz and with a longer hyperpolarization duration spindles are slower . The duration of the hyperpolarization is considered to be dependent on the overall state of the brain (Steriade and LlinaÂ s 1988) . The level of the hyperpolarization in thalamocortical cells is supposed to determine the incidence of spindles Steriade 2000) . The amount of spindles diminishes with deepening of sleep concomitantly to the increase of hyperpolarization Steriade et al. 1993) . The decrease in the density of sleep spindles and amount of sigma activity with deepening of sleep is well-documented also in humans (De Gennaro et al. 2000; Gibbs and Gibbs 1951; Matsubayashi et al. 1981; Steriade and Amzica 1998; Steriade et al. 1993; Uchida et al. 1991 Uchida et al. , 1994 . As the hyperpolarization is assumed to be deepest in S4 we de®ned the`nadir' point as the centre of the deepest and longest sleep period. By this visual selection we wanted to verify that the`®rst',`nadir' and`end' analysis points became statistically comparable across the subjects.
As far as we know the U-shape of spindle frequencies within NREM sleep episodes has not been described before. It seems that not all spindles are slow in the ®rst NREM sleep episodes but the frequencies slow down and increase within the episodes. The rising trend in spindle frequencies across the night observed in previous work (Wei et al. 1999; Werth et al. 1997) can be explained by fastening of spindles found mainly in the middle sections of the NREM sleep episodes.
In the ®rst two NREM sleep episodes the spindle frequency declined with the increase of SWS in the analysis points. Before REM sleep the frequency increased to the initial level. Former observations of slower spindle frequencies in deeper sleep stages support this ®nding (Dijk et al. 1993; Matsubayashi et al. 1981) . If it is considered that the length of the hyperpolarization-rebound sequences determines spindle frequency Steriade and LlinaÂ s 1988 ) also in the human, then the U-shape indicates that the durations of hyperpolarization-rebound sequences ®rst increase and then decrease within the NREM sleep episodes. Especially in the ®rst two NREM sleep episodes the lengthening of the duration of the hyperpolarization-rebound sequence would be concomitant to the intense increase of hyperpolarization in thalamocortical cells. Before REM sleep with decreasing hyperpolarization ) the hyperpolarization-rebound sequences would shorten. In the third and fourth NREM sleep episodes the spindle frequency decrease was still clear despite the increased proportion of S2 in the analysis points. The lightening of sleep would indicate the hyperpolarization level to be less intense. However, a noticeable lengthening of the hyperpolarization-rebound sequences would still remain. In the ®fth NREM sleep episode with only S2, the U-shape was not apparent. Thus both the increase of hyperpolarization and lengthening of the hyperpolarization-rebound sequences would not be marked in the morning hours with decreased sleep pressure. It is known that frontal spindles are slower than central (Jobert et al. 1992; Zeitlhofer et al. 1997 ). Based on ®ndings on patients after lobotomy (Lennox and Coolidge 1949) and recent topographical work (Anderer et al. 2001) it seems that there are two spindle generators, one frontal, generating slower frontal and another parietal, generating faster and more central spindles. There is also evidence that the generators are active simultaneously so that in most cases the spindles are visible both frontally and centrally (Anderer et al. 2001; Zygierewicz et al. 1999) . The amplitude maximum of the spindles along the AP axis would then depend on the relation between frontal and parietal sources. Spindles with merely frontal (Fz) maximum have been found to be extremely rare (Anderer et al. 2001) . However, in that topographic study only spindles in S2 were studied. In our work the most frontal spindles were found in S4 of the ®rst NREM sleep episode when sleep pressure is assumed to be highest and hyperpolarization is considered to be deepest. One could hypothesize, whether the genesis of frontal spindles in humans requires a very deep hyperpolarization level of their generators. Interestingly, towards the end of the night spindles in S4 became more centrally distributed than spindles in S2. However, our study is based on sampling and therefore more work is needed before further conclusions can be made. On the other hand, spindles in S2 in the last episode were also predominantly central, which is in agreement with a previous observation (Zeitlhofer et al. 1997) .
Our results suggest that there are temporal changes both in the spindle frequency and even in the distribution of spindles that can be attributed to sleep pressure. Sleep pressure is determined both by homeostatic and circadian factors (BorbeÂ ly 1982) . Sigma activity of dierent frequencies have been found to show dierent patterns in the course of the night which have been attributed to circadian regulation (Aeschbach et al. 1997; Dijk et al. 1997) . On the other hand, slower spindles have been found with high sleep pressure caused by sleep deprivation (Shirakawa et al. 1989 ). The present work cannot answer the question how the homeostatic and circadian processes might regulate spindle frequency patterns during sleep. This would require more complicated study protocols with dierent sleep schedules. Nevertheless, it seems possible that frequency patterns of sleep spindles can be used to reveal uctuations in sleep depth within S2. Sleep stage 2 with slower spindles would then indicate deeper sleep than S2 with faster spindles. Spindle frequency variations might give an additional possibility to examine thalamocortical mechanisms responsible for the sleep EEG patterns in the human. Our results also denote that if spindles are used in order to study EEG related sleep mechanisms a multidimensional approach is needed. This means that both spatial and temporal position of the spindles as well as sleep depth should be taken into account.
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